Curcumin is a plant-derived dietary spice ascribed various biological activities. Curcumin therapeutic applications have been studied in a variety of conditions, but not on periodontal disease. Periodontal disease is a chronic inflammatory condition initiated by an immune response to micro-organisms of the dental biofilm. Experimental periodontal disease was induced in rats by injecting LPS in the gingival tissues on the palatal aspect of upper first molars (30 mg LPS, 3 times/ week for 2 weeks). Curcumin was administered to rats daily via oral gavage at 30 and 100 mg/kg body weight. Reverse transcriptase-qPCR and ELISA were used to determine the expression of IL-6, TNF-a and prostaglandin E 2 synthase on the gingival tissues. The inflammatory status was evaluated by stereometric and descriptive analysis on hematoxylin/ eosin-stained sections, whereas modulation of p38 MAPK and NK-kB signaling was assessed by Western blot. Curcumin effectively inhibited cytokine gene expression at mRNA and protein levels, but NF-kB was inhibited only with the lower dose of curcumin, whereas p38 MAPK activation was not affected. Curcumin produced a significant reduction on the inflammatory infiltrate and increased collagen content and fibroblastic cell numbers. Curcumin potently inhibits innate immune responses associated with periodontal disease, suggesting a therapeutic potential in this chronic inflammatory condition.
Introduction
The role of bacteria in the initiation and progress of periodontal disease is undisputed, and LPS is one of the main microbial-associated molecular patterns (MAMPs) that can stimulate the expression and production of matrix metalloproteases (MMPs) and proinflammatory cytokines through activation of TLRs. These cytokines are considered the integral players involved in the recruitment of cells and production of effector molecules, such as MMPs and RANKL that mediate degradation of soft and hard tissues, which are the hallmarks of destructive periodontal disease. This critical role of LPS for periodontal diseases is demonstrated in the LPS-model of experimentally induced periodontal disease, in which direct injection of LPS into the gingival tissues initiates a local host response that involves recruitment of inflammatory cells, generation of prostanoids and cytokines, elaboration of lytic enzymes and activation of osteoclasts, culminating in the degradation of both soft and mineralized tissues of the periodontium. 1, 2 Curcumin, an extended pseudosymetric polyphenol extracted from plants and used as a dietary spice, has a variety of biological activities including anti-inflammatory properties, which have been partially attributed to direct interaction with protein targets. 3 It has been found to modulate the growth and cellular response of various cell types involved in the immune response including T-and B-lymphocytes, macrophages, neutrophils, NK cells and dendritic cells. 4 Modulation of innate immunity is supported by the report that curcumin efficiently blocked LPS-induced expression of IL-12, IL-1b, IL-6 and TNF-a in dendritic cells. The same study showed that treatment of dendritic cells with curcumin before LPS stimulation completely suppressed the MAPK and nuclear translocation of NF-kB. 5 Besides influencing the activation of the innate immune response by MAMPs, some studies suggest that anti-inflammatory, chemopreventive and other beneficial effects of certain dietary phytochemicals may be, at least in part, mediated through the modulation of TLR activation induced by endogenous molecules or chronic infection. [6] [7] [8] Thus, the immunomodulatory activity of curcumin can involve direct targeting of TLRs. For example, the cellular response to LPS is initiated by its interaction with the transmembrane complex including TLR4 and myeloid differentiation protein 2 (MD-2/TLR4). According to Gradisar et al., 6 curcumin binds with high affinity to MD-2 competing with LPS for the same binding site.
These immunomodulatory effects of curcumin can have important implications for the epidemiology, due to its wide-spread dietary use in some cultures, and treatment of infectious and non-infectious diseases associated with chronic inflammation. 6 The therapeutic possibilities of this phytochemical are especially promising due to the lack of adverse effects associated with its consumption.
In this study, we assessed the effect of orally administered curcumin on the expression of pro-inflammatory cytokines IL-6, TNF-a and prostaglandin E 2 (PGE 2 ) and on the modulation of the signaling pathways NF-kB and p-38 in a model of LPS-induced periodontal disease in rats.
Materials and methods

Experimental design
All the experimental protocols were approved by the Ethical Committee for Animal Experimentation (CEEA) of the School of Dentistry at Araraquara -UNESP and performed in accordance with the guidelines of the Brazilian College for Animal Experimentation (COBEA).
Sixty male Holtzman rats (Rattus norvegicus albinus, Holtzman), weighing 100-200 g, were randomly distributed into the following experimental groups, comprising 10 animals each: (i) vehicle control (injected with PBS); (ii) vehicle-periodontal disease (PD) (injected with LPS); (iii) curcumin 30 mg/kg control (injected with PBS); (iv) curcumin 30 mg/kg PD (injected with LPS); (v) curcumin 100 mg/kg control (injected with PBS); and (vi) curcumin 100 mg/kg PD (injected with LPS). The rats were kept in a room with controlled temperature (21 AE 1 C) and humidity (65-70%) and a 12-h light-dark cycle.
General anesthesia was induced with intraperitoneal injections of ketamine and xylazine chlorhydrate at 0.08 ml/100 g body weight and 0.04 ml/100 g body weight, respectively. Eschericia coli LPS (30 mg; strain O55:B5; Sigma Chemical Co., St Louis, MO, USA) diluted in PBS was injected into the palatal gingiva (3 ml volume per injection) using a Hamilton microsyringe (Agilent). Injections were performed between the upper first and second molars bilaterally three times a week for 15 d (a total of 6 injections and 180 mg of LPS in each site). Control animals received injections of the same volume of PBS vehicle. Administration of curcumin started the day before beginning LPS injections for the induction of periodontal disease. Curcumin diluted in corn oil vehicle was administered daily by oral gavage in two different doses: one group received the lower dose of 30 mg/kg body weight, and the other group received 100 mg/kg body weight. Control animals were given the same volume of the corn oil vehicle.
After 15 d, the animals were sacrificed and the maxillae were harvested and hemisected. Some of the block sections including first and second molars with their surrounding tissues were submitted to routine histological processing to be used in the stereometry, whereas the soft tissues surrounding the first molars were carefully dissected for extraction of RNA and protein. For the stereometric analysis, three blocks including the upper molars of the control group (treated with vehicle by oral gavage) were analyzed, whereas four blocks were analyzed for each of the experimental groups treated with curcumin. These tissue blocks were immersed directly in 10% buffered formalin fixative solution for 48 h and decalcified in tetrasodium-EDTA aqueous solution (0.5 M, pH 7.4) during 2-3 months, under agitation at room temperature. Each specimen consisted of a section containing the first and second molars and the surrounding alveolar process and soft tissues and was included in paraffin blocks. Serial sections of 4 mm thickness were obtained in the bucco-lingual direction and stained with hematoxylin/eosin (H/E).
Stereometry
The analysis was conducted by a single examiner who was blind to the experimental groups using an optical microscope (Diastar Cambridge) set at Â200 magnification. Semi-serial sections of 4 mm were obtained from the tissue blocks on a buccal-lingual orientation. A total of three sections, spaced 100 mm from each other, were evaluated per tooth. A 50 Â 50 mm grid was overlayed the histological images allowing the analysis of an 'area of interest' of 2500 mm 2 . Two grids composed of 5 Â 5 squares of 10 mm each were used in each histological image: one was positioned with its lower border 25 mm below the top of the alveolar bone crest and perpendicular to the root surface, and the other was positioned with its upper border at the base of the junctional epithelium, representing the 'bone crest' and 'submarginal' areas, respectively. In both cases, the lateral border of the grids was always positioned over the most prominent part of the root surface in the area. Each one of the 25 points of the grid projected on each section was counted and the proportion of collagen, fibroblastic cells and inflammatory cells (distinguished by the morphological characteristics) in the area of interest was determined as percentage of the total points counted. A total of three images obtained from equally spaced slides (spanning 900 mm of the buccal-lingual aspect of the molars) were evaluated from each animal. Slides from at least four different animals in each experimental group were used.
Evaluation of cytokine gene expression at the mRNA level (RT-qPCR)
Total RNA was extracted from tissue samples using Trizol reagent (Invitrogen Corp.) according to the manufacturer's instructions and 700 ng of total RNA were reverse-transcribed into cDNA using random hexamers as primers (High Capacity cDNA synthesis kit, Applied Biosystems). The cDNA was used for realtime reverse transcription-PCR (RT-qPCR) using Taqman chemistry and pre-designed sets of primers and probes (TaqMan Gene Expression Assays, Applied Biosystems) on a StepOne Plus Real-Time PCR System (Applied Biosystems). The reactions were carried out in a 96-well plate on a final reaction volume of 30 ml that included Taqman Universal PCR Master Mix (Applied Biosystems), Taqman Gene Expression Assays (Applied Biosystems) for each target gene: TNF-a, NM_013693; IL-6, NM031168; Ptgs-2 (prostaglandin-endoperoxide synthase-2), NM_011198; Gapdh (glyceraldehyde-3-phosphate dehydrogenase), NM_008084; and cDNA template (corresponding to 30 ng of cDNA). Optimized thermal cycling conditions were: 50 C for 2 min, 95 C for 10 min, followed by 40 cycles at 95 C for 15 s and 60 C for 1 min. For each sample, analyses of gene expression were performed in duplicate. The experiments were performed with samples isolated from at least three different animals in each experimental group. To normalize the amount of mRNA present in each reaction, the expression of Gapdh, which was not altered by the experimental conditions, was used as a housekeeping gene. To compare the expression levels among different samples, the relative expression level of the genes was calculated using the comparative ÁÁCT method using the thermocycler's software.
Activation of signaling pathways (Western-blot) and determination of cytokine gene expression at the protein level (ELISA)
Total proteins were extracted from gingival tissue samples using a detergent-based extraction buffer (T-PER, Tissue Protein Extraction Reagent; Pierce Biotechnology) containing a protease inhibitor cocktail (Protein Stabilizing Cocktail; Santa Cruz Biotechnology) according to manufacturer's instructions (Pierce Biotechnology). The proteins were quantified using Lowry method (DC assay, Bio-Rad Laboratories) and 60 mg of total protein were heat-denaturated and loaded on 10% SDS-polyacrylamide gels.
After electrophoretic separation, proteins were electrotransferred to 0.2 mm nitrocellulose membranes. These membranes were blocked in Tris-buffered saline containing 5% non-fat dry milk and 0.1% Tween-20 and incubated with the primary antibodies overnight at 4 C (1:100 dilution in PBS; phospho-p65 and phospho-p38; Cell Signaling). Detection of the primary antibodies was done with secondary antibodies conjugated to horseradish peroxidase (1:1000 dilution in the blocking buffer) and a chemiluminescence system (Lumi-Glo, Cell Signaling).
Proteins from these same samples were also used in the ELISA assays to determine the concentration of PGE 2 , IL-6 and TNF-a. These assays were performed according to the manufacturer's instructions (R&D Systems) and the results were normalized to the total concentration of protein in the samples. Samples from at least three different animals in each experimental group were used and assayed in duplicate.
Statistical analysis
The purpose of data analysis was to compare the results from curcumin-treated animals with those of vehicle treated control animals. Considering the two experimental groups treated with different doses of curcumin (30 and 100 mg/kg body weight) as independent variables, we used t-tests for the pair-wise comparisons between all the groups (control Â 30 mg/kg of curcumin, control Â 100 mg/kg of curcumin and 30 Â 100 mg/kg of curcumin) with a significance level of 5%.
Results
Curcumin effectively inhibits PGE 2 -synthase gene expression in LPS-induced periodontal disease
To evaluate the effect of curcumin on LPS-induced inflammatory gene expression, the total RNA was extracted from periodontal tissues surrounding the upper first molars of rats treated with curcumin or vehicle both with and without LPS injections. The PGE 2synthase (PGE 2 -s) is the murine homolog of human COX-2 and its expression was determined by RT-qPCR ( Figure 1 ). Interestingly, the higher dose of curcumin (100 mg/kg body weight) induced PGE 2 -s mRNA expression in healthy gingival tissues. On the other hand, administration of curcumin completely abrogated LPS-induced PGE 2 -s mRNA expression in the gingival tissues. Expression of PGE 2 at the protein level could not be detected in our samples (data not shown).
Curcumin abrogates LPS-induced IL-6 and TNF-mRNA expression: inhibition of IL-6 and TNFprotein is associated with different doses of curcumin Healthy and LPS-injected gingival tissues surrounding the upper first molars from animals treated with curcumin or vehicle were harvested, total RNA and protein were isolated and used for RT-qPCR and ELISA experiments, respectively. As with the results for PGE 2 -s, administration of curcumin inhibited completely LPSinduced TNF-a and IL-6 mRNA expression in the gingival tissues (Figure 1 ). In fact, IL-6 expression was only detected in LPS-injected tissues, whereas TNF-a expression was not affected by curcumin in healthy gingival tissues. Inhibition of IL-6 protein was observed only in animals treated with the lower dose of curcumin (30 mg/ kg body weight), whereas TNF-a was inhibited only in animals treated with the higher dose of curcumin (100 mg/kg body weight; Figure 2 ).
Only the lower dose of curcumin inhibited LPS-induced activation of NF-B: Activation of p38 MAPK was not affected by curcumin
Considering the prominent role of NF-kB and p38 MAPK on the expression of inflammatory genes downstream of TLR activation, we evaluated the effect of curcumin on the activation status of these two signaling pathways. Lipopolysaccharide injections increased activation of NF-kB in the gingival tissues, which was markedly inhibited in the animals treated with the lower dose of curcumin (30 mg/kg body weight). The higher dose of curcumin (100 mg/kg body weight) did not change NF-kB activation status in the gingival tissues and either the lower or the higher dose had any effect on the activation of p38 MAPK (Figure 3 ).
Administration of curcumin reduced the number of inflammatory cells and increased the collagen content in the gingival tissues
Based on the evidence of anti-inflammatory properties of curcumin in other in vivo models and also in our own data demonstrating inhibition of PGE 2 -s, IL-6 and TNF-a, we then verified the changes on LPS-induced host response in the gingival tissues associated with curcumin administration. In agreement with the modulation of inflammatory gene expression, administration of curcumin markedly inhibited LPS-induced host response in the gingival tissues ( Figure 5 ). Stereometric analysis demonstrates that both doses of curcumin produced a significant reduction on the inflammatory infiltrate and also inhibited tissue destruction, as indicated by the increased collagen content in the gingival tissues of curcumin-treated animals (Figure 4 ).
Discussion
In this study, we investigated the effect of curcumin on the expression of pro-inflammatory mediators and host response in an LPS model of periodontal disease. We found that administration of curcumin by oral gavage completely blocked PGE 2 expression and produced a dose-dependent inhibition of IL-6 and TNF-a levels in the gingival tissues. The suppression of pro-inflammatory cytokines by curcumin was accompanied by a marked reduction of the inflammatory process verified by the stereometric analysis. These changes may be due, at least partially, to the dose-independent inhibition of NF-kB activation in the gingival tissues of curcumintreated animals. Interestingly, administration of curcumin had no effect on LPS-induced p38 MAPK activation, which agrees with our observations in vitro using LPS-stimulated murine macrophages (data not shown; Guimaraes et al., submitted). Interleukin-6 and TNF-a play relevant roles in various chronic inflammatory conditions where curcumin may be an effective therapeutic agent. Intragastric administration of curcumin (100 mg/kg body weight) significantly reduced IL-6 and TNF-a serum levels in a sodium taurocholate infusion model of acute pancreatitis. 9 Similarly to our observations in the LPS-injected gingival tissues, treatment with curcumin improved pancreatic histology in two models of experimental pancreatitis in rats. 10 In this study, IL-6, TNF-a and iNOS expression were all reduced in curcumin-treated animals through a mechanism involving inhibition of NF-kB and AP-1-transcription factors.
In another study, curcumin administered by daily oral gavage decreased TNF-a and IL-6 levels in the liver of rats in a carbon tetrachloride (CCl 4 )-induced model of liver injury. 11 The doses (200 and 400 mg/kg body weight) and duration of treatment (8 wk) were both greater than those used in the present study (30 and 100 mg/kg body weight for 2 wk) indicating that the doses used in the present study would not cause adverse effects, which is supported by lack of changes in weight or behavior of the experimental animals. We selected 30 and 100 mg/kg body weight due to the solubility of curcumin in the corn oil vehicle used, since pilot studies using ethanol or DMSO to dilute higher doses of curcumin proved to be toxic for 15 .0 the animals (data not shown). Two doses were used to obtain insight into possible dose-dependent effects. Numerous studies demonstrated that certain phytochemicals including polyphenols possessing anti-inflammatory effects inhibit NF-kB and MAP kinase signaling downstream of various receptors, including TNF-a receptor and TLR4. 12 In a rabbit model of sepsis, curcumin reduced LPS-induced fever, Figure 5 . Histological aspect of the gingival tissues according to the experimental group (PBS vs LPS injections) and administration of curcumin (vehicle, 30 mg/kg body weight and 100 mg/kg body weight). Semi-serial sections with 4 mm thickness were routinely processed and stained with hematoxylin and eosin. A total of three sections spaced 100 mm were evaluated for each first molar in a minimum of four animals in each experimental group. A thick keratinized epithelium layer corresponding to the palatal gingival with an underlying dense connective tissue with reduced number of cellular infiltrate and a smooth bone crest surface characterize the gingival tissues of control (PBS-injected) animals (A). LPS injections (B) produced a decrease on the thickness of the epithelium layer and an intense cellular infiltrate and irregular bone crest surface with the presence of multinucleated osteoclast-like cells; whereas in animals treated with 30 mg/kg body weight (C) and 100 mg/kg body weight (D) of curcumin, the cellular infiltrate was markedly reduced and the collagen content was increased in comparison with the LPS-injected sites (B). Images were obtained at Â100 magnification and the insert depicts the alveolar bone crest area at Â200 magnification. These images are representative of the histological aspect observed.
Inflammatory infiltrate
which was associated with decrease of IL-1b, IL-6 and TNF-a concentrations in the serum. This was attributed by the authors to the suppression of NF-kB activation by curcumin. 13 Activation of NF-kB is known to be pivotal for the expression of inflammatory cytokines involved in the pathogenesis of various inflammatory diseases, 14, 15 which turns it into a major target for host modulation therapeutic strategies. Activation of NF-kB was also observed in oral epithelial cells exposed to the periodontopathogens Fusobacterium nucleatum and Porphyromonas gingivalis, 16 indicating the crucial role of NF-kB on innate immunity in the oral cavity. Indeed, induction of gene expression in human monocytic cell line by P. gingivalis LPS was abolished by inactivation of IKK/NF-kB. 17 In another study, inhibition of NF-kB activation by endocannabinoids, an emerging class of lipid mediators with immunosuppressive and anti-inflammatory effects, derived from arachidonic acids and found in several tissues, reduced the production of pro-inflammatory mediators (IL-6, IL-8 and MCP-1) induced by P. gingivalis LPS in human gingival fibroblasts, 18 another resident cell type with an important role in innate immune response in periodontal diseases. Taken together, these studies indicate a role of NF-kB on the expression of fundamental mediators in periodontal disease. 19 There is plenty of evidence indicating that NF-kB is one of the main targets of curcumin, and in this study we show that the potential effects of curcumin on periodontal disease may be, at least in part, due to the modulation of NF-kB activation downstream of TLR4 activation by LPS.
Inhibition of LPS signaling by curcumin may have important implications for treatment and epidemiology of chronic inflammatory diseases caused by bacterial infections. 6 Moreover, it is now recognized that inflammation plays a fundamental role in many chronic diseases including cancer, atherosclerosis and rheumatoid arthritis. Some studies suggest that anti-inflammatory, chemopreventive and other beneficial effects of certain dietary phytochemicals may to be associated with the modulation of inflammation by interfering with TLR activation by MAMPs and endogenous molecules. 6, 8 In our study, LPS-induced activation of NF-kB in the gingival tissues was inhibited only with the lower dose of curcumin. However, both low and high doses of curcumin produced a marked decrease on inflammation and a significant decrease of the expression of the proinflammatory mediators PGE 2 , TNF-a and IL-6. This suggests that curcumin may modulate other signaling pathways downstream of TLR activation that are also relevant for the expression of these cytokines. One signaling pathway that is relevant for the expression of inflammatory mediators and could be a candidate for a 'NF-kB alternative' is p38 MAPK; however, in our experimental model, p38 activation was not modulated by curcumin.
Study limitations
Considering this as an initial study on the potential of curcumin to modulate the immune response associated with periodontal diseases, it is important to acknowledge its methodological limitations: probably due to the high collagen content and limited dimensions of the PBS-and LPS-injected areas, we had to pool samples from different animals to detect expression of target genes for some experiments, which precluded appropriate statistical analyses for these experiments. It should also be noted that we used commercially-available LPS purified from Eschericia coli as a TLR4 agonist, instead of LPS from microbial species associated with periodontal diseases, which would also produce a significant activation of TLR2. Since we began administration of curcumin the day before the start of LPS injections, it will be interesting to determine the effect of curcumin on established periodontal disease. Optimization of dose and delivery route will depend on determination of pharmacodynamic properties of curcumin, which were also not assessed in this study. Since we introduced the curcumin suspension directly into the esophagus of the animals we assume that topical exposure of the oral mucosa and gingivae to the curcumin suspension was minimal; however we cannot rule out the possibility of a topical effect. In fact, topical application is another interesting aspect to be evaluated, since it would reduce the overall dose of curcumin and provide maximum effect in the areas of interest.
Conclusions
The results demonstrate a potent anti-inflammatory activity of orally administered curcumin in a model of LPS-induced periodontal disease and suggest a potential therapeutic role for curcumin in the treatment of this condition. Future studies will aim to characterize the spectrum of the biological effects of curcumin in this in vivo model and also in vitro, in relevant cells of the immune response associated with periodontal disease by using a focused qPCR array approach.
